Nickel-adsorbed graphene was prepared by first synthesizing graphite oxide (GO) by modified Hummers' method and then reducing a solution containing both GO and N i 2+ . EDX analysis showed 31 atomic percent nickel was present. Magnetization measurements under both dc and ac magnetic fields were carried out in the temperature range 2 K to 300 K. The zero field cooled and field cooled magnetization data showed a pronounced irreversibility at a temperature around 20 K.
Uniform aqueous dispersion of GO (0.01 g in 10 mL) was mixed with 10 mL 0.03 M solution of nickel nitrate (hexahydrate)(Ni(NO 3 ) 2 , 6H 2 O) (E merck, Germany). The mixture was stirred thoroughly for 2 h. By adding ammonia solution to the mixture its pH was brought to a value ≈ 10. 0.142 g sodium borohydride (NaBH 4 ) (0.37 M) was added to reduce GO and Ni 2+ simultaneously to form Nickel adsorbed graphene. The sample was collected by centrifuging the aqueous mixture at 2000 rpm in an ultracentrifuge (elTek TC 4100D). The sample was then washed thoroughly with deionized water several times to remove any unreacted ions present. The sample was then dried at 348 K for 24 h.
The X-ray diffractogram was taken in a Bruker D8 SWAX diffractometer using Cu K α monochromatic source of wavelength (λ = 0.154 nm ). The microstructure was studied by using transmission electron microscope (JEOL 2010) operated at 200 kV. To study the chemical composition of the sample, Energy dispersive X-ray spectroscopy (EDX) was done using a JEOL JSM-6700F field-emission scanning electron microscope. Fourier transform infrared spectroscopy (FTIR) studies of the samples were carried out using FTIR8400S
spectrometer. Both the dc and ac magnetic measurements were carried out by using a Superconducting Quantum Interference Device (SQUID) magnetometer (Quantum Design MPMS XL) with the reciprocating sample option (RSO) and a sensitivity of 10 −7 emu. In order to obtain low magnetic fields the SQUID was demagnetized before the measurements.
III. RESULTS AND DISCUSSIONS
A. Structural Analysis
Figure 1(a) shows the x-ray diffractogram obtained from the nickel treated graphene.
Only a hump around 25.6 o is observed due to graphene. 19 Since a monolayer graphene is not expected to show any diffraction peak, the small hump signifies that the system comprises shown. The absence of any diffraction spot also rules out the possibility of the presence of either Ni or NiO or Ni 3 C in our system. The weak diffraction ring corresponds to plane (002) of graphene derived from GO. The absence of any other lattice plane means total absence of any nanoparticle in the system. It has, however, not been possible to characterize the position of the Ni atoms in graphene. Scanning tunneling microscopy (STM) could not be used because the sample is in powder form and therefore, it was difficult to mount in STM and pick up its position with reference to the graphene sheet. However, on the basis of the computational work reported in the literature 15, 20 we believe the nickel atoms to be forming bridgelike structure between two surface carbon atoms in graphene as shown schematically in figure 2. This is the equilibrium structure for the adatoms in graphene as shown theoretically. 21 It is emphasized that these nickel atoms will have magnetic moments as opposed to the situation in which nickel atoms substitute carbon atoms in graphene layer. 
B. Compositional Analysis
The FTIR spectra of graphite oxide (GO), chemically converted graphene (CCG) and nickel adsorbed graphene (NIG) have been shown in figure 3(a). (marked by red arrow) is observed for the NIG sample, which occurs due to the stretching mode of nickel carbon bond. In view of this unmistakable evidence, no other conclusion than that of the presence of C-Ni bond could be drawn. The formation of the Ni-C bond at the reaction condition used here is not surprising because of large surface to volume ratio in the graphene prepared which is therefore highly reactive. Figure 3(b) shows the EDX spectra of the system under study. From the EDX spectra it can be seen that no magnetic impurity,other than nickel,is present in the material.
The elemental analysis as obtained from the EDX data is shown in oxygen shown in table 1 .
This suggests that 31 atomic % nickel is present in graphene network. It is to be noted that oxygen detected by EDX do not form any part of the graphene phase. From the selected area electron diffraction (SAED) image [figure 1(c)] it is concluded that neither nanoparticles of nickel nor any of its oxides have been formed. So, it can be safely concluded that nickel was adsorbed on the surface of the graphene,during the simultaneous reduction of GO and Ni 2+ to graphene and atomic nickel respectively. This kind of structure has already been studied theoretically, 14, 15 which proves the stability of such structures.
FIG. 4.
The dc magnetization as measured in field-cooled (FC) and zero-field-cooled (ZFC)
conditions at 100 Oe, exhibiting pronounced irreversibility at the freezing point. The inset shows the non-saturating M-H isotherm as measured at 10 K.
C. DC magnetization
For non-equilibrium systems, like spin glasses and superparamagnets, history effects in dc magnetization is a generic feature i.e. there is irreversibility in the data describing magnetization as a function of temeperature. We observe a bifurcation in zero field cooled (ZFC) and field cooled (FC) curves in the magnetization-temperature data [ figure 4 ] for the nickel adsorbed graphene. The data clearly show a pronounced irreversibility at T ≈ 20 K. This shows the occurrence of magnetic history effect in the system. In the inset of figure 4, we have shown the M-H isotherm measured at 10 K indicating the presence of a finite coercivity.
It is interesting to note that the deviation of the FC magnetization from the ZFC at the freezing point (temperature at which ZFC peak occurs) is a feature, however not exclusive, for the canonical spin glass system. This kind of behavior is also expected in the case of superparamagnets having narrow volume distribution. In both the cases of superparamagnets and spin glasses, finite dipolar interaction between the spins results in the deviation of FC -ZFC curves at temperatures lower than blocking or freezing temperatures and FC magnetization increases continuously as the temperature is lowered. 22 It may be noted here that there have been recent reports on similar behavior of low temperature magnetization peaks obtained in nickel 23, 24 and nickel carbide 25, 26 nanoparticles respectively. We discuss the implications as follows. In the case of nickel nanoparticles a peak is observed but the irreversibility in the magnetization/temperature behavior continues upto room temperature and above. This is the signature of superparamagnetism which is consistent with the fact that the systems show room temperature ferromagnetism.On the contrary,in our system, the irreversibility dissappears after 20K. Also the value of the coercivity becomes zero, indicating that the system is in a paramagnetic state. Comparing the data of Ni 3 C nanoparticles 25 with those of our own, we note, that in our case the magnetization value is two orders of magnitude higher. A robust ferromagnetism is observed below the freezing temperature rather than a weak ferromagnetism observed in the nickel carbide nanoparticle system. 25 We therefore, rule out the possibility of any Ni 3 C nanoparticles being present in our sample.
Also the peak in the ac susceptibility versus temperature plot was reported to be at ∼ 10K, whereas, in our system it was found to be around 20K (see next section).
From the above discussion it follows that neither Ni nor Ni 3 C nanoparticles are present in the system synthesized by us. Both the compositional analysis (previous section) and comparison of our magnetic data with carefully conducted magnetization studies on nano nickel and nano Ni 3 C done earlier substantiate our description of the system under study to be nickel adsorbed graphene.
D. AC magnetization
In principle, the time dependent susceptibilities might give detailed insight into the dynamics of freezing. To probe the dynamics of the spin system, we measured the ac susceptibility of the sample at low magnetic field (0.5 Oe). The temperature dependence of the real (χ ′ ac ) and imaginary (χ ′′ ac ) parts of the ac susceptibility of the present system are shown in figures 5(a) and 5(b) respectively for frequencies ranging from 10 Hz to 1kHz.It can be seen that the peak height in the (χ ′′ ac − T ) is increased and shifted towards high temperature side with the increasing frequency.It should be noted that for a conventional ferromagnet the imaginary part of the ac susceptibility vanishes above and below the peak temperature, but remains non-zero in case of a spin glass system.
27,28
In the case of a spin glass, both the real and imaginary parts of the ac susceptibility show a frequency dependent cusp or maximum at a temperature, called effective spin glass transition temperature T f (ω), the value of which should increase with an increase in frequency. We observe this particular behavior in our system as shown in figure 5. The frequency dependence of the peak temperature may be small, but this kind of small but clear dependance was previously observed in case of canonical spin glass systems. 29, 30 We have calculated the initial frequency shift of T f from the frequency dependance of the peak temperature, by employing;
31,32
where, δT f is the relative change in freezing temperature, ∆T f is the total change in the T f in the frequency interval, ∆log 10 ω is the frequency interval.In our system δT f comes out to be 0. The characteristic relaxation time of the spin system, at the in-phase susceptibility maximum corresponds to the observation time t ∼ 1 f .
36-38
As this frequency dependent maximum of ac susceptibility is not a generic feature of spinglass systems only, and can also be found for superparamagnets it is often difficult to distinguish between spin-glass and superparamagnetic behavior.
27,30
A non-interacting superparamagnetic cluster's relaxation time follows the Néel-Arrhenius
where E a is the anisotropy energy barrier, k B is the Boltzman constant, and T f is the peak temperature. In glassy systems, the strong temeperature dependence of τ is frequently described by the law given by Vogel-Fulcher 27,40,41
where, the characteristic temperature, T 0 was introduced in an ad-hoc manner. The least square fitted results gave values s. The value of τ 0 obtained for the system indicates the presence of conventional spin glass. A relatively larger value (∼ 10 −7 s) is expected for the interacting magnetic spin clusters. 42 The data and the theoretically fitted curve have been shown in figure 6 (a). It should be pointed out that in our system temperature dependence of the susceptibility maximum is small compared to a spin glass system reported earlier. 43 However, the nature of results is identical, the difference being a low value of the activation energyfor spin flipping in our system. Using Thus the temperature dependence of the relaxation time τ can be expressed by a power law, shows the variation of the relaxation time with reduced temperature (both in log scale) and the linear fit of the data. The linear fit also gave the same order of magnitude value of the parameters as previously obtained. The value of the critical exponent (zν) is characteristic of a spin glass system (5 ≤ zν ≤ 11 ) 30 and quite different from those characteristic of regular ferromagnets (1.2 ≤ zν ≤ 2 ). 50 It should be mentioned here that for all the analysis of the relaxation time, we have considered τ = (2πf ) −1 and while deducing T f the maximum of (χ ′ ac ) was used. Alternatively, the temeperature derivative of real or imaginary parts of ac susceptibility could be used. In case of χ ′ or χ ′′ the prominent peak was observed at the same temperature, as expected, but in (χ ′′ ac -T) data we observe another hump at the lower temeperature side which is surprisingly absent in (χ ′ ac -T) data and it needs clarification. We have tried to analyse them with previously mentioned models, viz; Néel-Arrhenius;
and Vogel-Fulcher; but none of them was able to explain their occurrence, giving unphysical values of the parameters with huge errors. However, the prominent peaks in the temperature dependence of the real and imaginary parts of the ac susceptibility in the light of a relaxation mechanism have been successfully analysed.
From the dynamical scaling analysis of the (τ -T) we found the microscopic flipping time to be of the order of 10 −13 s, which is of the same order as that found in conventional spin glasses. 43 If it were a cluster like spin glass then the τ 0 value should have been of the order of 10 −10 s as reported previously by different workers on their studies on different cluster like spin glass systems. 35, 51 This is quite easy to understand that the microscopic magnetic entities are atomic spins of nickel and not nanosized clusters of ferromagnetically coupled
spins. The present analysis gives the value of the critical exponent zν as 5.9, which is not only close to the theoretically predicted value for the short range Ising and Heisenberg spin glasses, 52 but is also the experimentally observed value for well known conventional spin glass systems like CuMn alloy at 4.6 at.%. 36 .
From the analysis, it is evident that both the Vogel- We have determined the spin glass order parameter (q), starting from the susceptibility using the following equation
where, both C(T) and θ(T ) are temperature independent constant in mean field theory, but varies slowly near the spin glass transition temperature.To evaluate q(T), [(χ ′ ac )] −1 was extrapolated and from that θ(T f ) and C(T f ) were estimated. Using Eq.(5) q(T) was found to be
The values of q(T) as derived by Eq.(6) is shown in figure 7 . it is observed that the measured q(T) decreases almost linearly with increasing temperature. The analysis of the data using T f = 19.48K shows a power law for q(T), as predicted by the mean field theory. 
E. Thermoremanent magnetization
One of the important characteristic features of spin-glasses is the phenomenon of aging.
This occurs due to the breakdown of time translational invariance (as the magnetization evolves with time) of the response of the system under external perturbation. In spin glasses, a common way to explore aging is the decay of thermoremanent magnetization (M T RM ) with time. As the behavior of spin glass is complicated below freezing temperature due to ageing, we have taken an particular approach to measure the TRM relaxation. The TRM measurements were done at 0.72T f (14 K) after cooling the sample under a magnetic field (10 Oe) from 2.0T f (40 K). After stabilizing the temperature, the system was made to wait for a time t w . Then the magnetic field was cutted off and the evolution of magnetization with time was recorded. Out of various functional forms, to describe the time variation of remanent magnetization for spin glass systems,we have adopted one of the most commonly used relations, viz; a stretched exponential function
where, M 0 relates to an intrinsic ferromagnetic component, and M r to a glassy component.
the time constant τ r depends on T and t w , whereas, β is a function of T. For β = 1, the relaxation involves the activation against single energy barrier, and for 0 < β < 1, it stands for SG systems; and β = 0 implies there is no relaxation at all. Our (TRM-T) data fitted presented the magnetic field dependence of M(t). These showed that aging has an effect on the magnetic relaxation in the system under study as it was observed for different spin glass like systems.
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IV. CONCLUSIONS
In summary, we have synthesized nickel adsorbed graphene via simultaneous reduction of GO and nickel ions. The dc magnetization study along with frequency dependent ac magnetization and magnetic relaxation studies confirmed the spin glass like behavior in the system. The observed frequency dependence of the peak temperature in the ac susceptibility 
